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MINI-REVIEW ON EXTRA DIMENSIONS 
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One of the most stimulating recent ideas in particle physics involves a possibility that our universe has 
additional compactified spatial dimensions, perhaps as large as 1 mm. In this mini-review, we discuss 
the results of recent experimental searches for such large extra dimensions. 



The possibility that the universe has 
more than three spatial dimensions has been 
a long-discussed issue.tJ Developments in 
string theory suggest that there could be up 
to n = 7 additional dimensions, compact- 
ified at very small distances an the order 
of 10^^^ m. In a new model,H inspired by 
string theory, several of the compactified ex- 
tra dimensions are suggested to be as large as 
1 mm. These large extra dimensions (LED) 
are introduced to solve the hierarchy problem 
of the standard model (SM) by lowering the 
Planck scale, Afpi, to the TeV energy range. 
We refer to this effective Planck scale as Ms. 

Since Newton's law of gravity is modi- 
fied in the presence of compactified extra di- 
mensions for interaction distances below the 
size of the LED, current gravitational obser- 
vations rule out possibility of only a single 
LED. Recent preliminary results from grav= 
ity experiments at submillimeter distances,^ 
as well as cosmological constraints,Q indicate 
that the case of n = 2 is likely ruled out 
as well. However, for n > 3, the size of 
the LED becomes microscopic and therefore 
eludes the reach of direct gravitational mea- 
surements or cosmological constraints. How- 
ever, high energy colliders, capable of prob- 
ing very short distances, can provide crucial 
tests of the LED hypothesis, in which effects 
of gravity are enhanced at high energies due 
to accessibility of numerous excited states of 
graviton, corresponding to multiple winding 
modes of the graviton field around the com- 
pactified dimensions. 

LED phenomenology at colliders has al- 



ready been studied in detail.EJ&IJ'El One of 
the primary observable effects is an appar- 
ent non-conservation of momentum caused 
by the direct emission of gravitons, which 
leave the three flat spatial dimensions. A 
typical signature is the production of a single 
jet or a vector boson at large transverse mo- 
mentum. The other observable effect is the 
anomalous production of fermion-antifermion 
or diboson pairs with large invariant mass 
stemming from the coupling to virtual gravi- 
tons. Direct graviton emission is expected to 
be suppressed by a factor (1/M5)"+^, while 
virtual graviton effects depend onlvweakly 
on the number of extra dimensions .BQeI Vir- 
tual graviton production therefore offers a 
potentially more sensitive way to search for 
manifestations of LED.^ 

The effects of direct graviton emission, 
including production of single photons or Z's, 
were sought at LEP.EIE3£3 The following sig- 
natures were used: "jI^t o^' ^{JJ)^Ti where 
l^rp is the missing transverse energy in the 
detector, and j stands for jet. The former 
topology is typical of searches for GMSB su- 
persymmetry, and the latter of searches for 
"invisible" Higgs. The negative results of 
these searches can be expressed in terms of 
limits on the effective Planck scale, as sum- 
marized in Table 0. Both the CDF and D0 



"Strictly speaking, virtual graviton effects are sensi- 
tive to the ultraviolet cutoff required to kepn-||lne di- 
vergent sum over the graviton modes finiteHoQ This 
cutoff is expected to be of the order of the effective 
Planck scale. Dependencei|e« the value of the cutoff 
is discussed, e.g., in Refs.tHiy 
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Collaborations at the Fermilab Tevatron are 
also looking for direct graviton emission in 
the "monojet" (jfx) channel, which is quite 
challenging due to large instrumental back- 
ground from jet mismeasurement and cosmic 
rays. Although no results have been reported 
as yet, the sensitivity of these searches is ex- 
pected to be similar to those at LEP.E3. 

While the formalism for calculating di- 
rect graviton emission is well established, dif- 
ferent formalisms have bfiep, used to describe 
virtual graviton effects. OuQ Since difermion 
or diboson production via virtual graviton 
exchange can interfere with the SM produc- 
tion of the same final state particles, the 
cro£S.^section in the presence of LED is given 
byfl'ffl a = CTsM + cTintriG + era Vg^ where 
CSM, fint, and ctg denote the SM, interfer- 
ence, and graviton terms, and the effects of 
ED are parametrized via a single variable 
rjG ~ T/Mg, where JF is a dimensionless 
parameter of order unity, reflecting the de- 
pendence of virtual graviton coupling on the 
number of extra dimensions. Several defini- 
tions exist for J-': 



JP = 1, (GRW^); 
">os(f) 



J" 



n = 2 
n>2 



(HLZB); 



2A 



J«^= — = ±-, (HewettEl). 

TT TT 

Here, A is a dimensionless parameter of or- 
der unity, conventionally set to be either -1-1 
or —1 in cross section calculations within 
Hewett's formalism. Only the HLZ formal- 
ism has J^ depending explicitly on n. 

Because different experiments have set 
limits on virtual graviton exchange using dif- 
ferent formalisms, it is worthwhile to specify 
relationship between the three definitions of 
effective Planck scale, referred to as At, af- 
ter the originaH notation, Ms(Hewett), and 
Ms(HLZ): 



Afs (Hewett) I A=+i = a7-Ms(HLZ) 
At = Ms(HLZ) |„^4 



Unless noted otherwise, we will express lim- 
its on the effective Planck scale in terms of 
Af5'(Hewett), and they all will be given at 
95% CL. 

Among the many difermion and dibo- 
son final states tested for presence of vir- 
tual graviton effects at LEP,0liili]'0lil the 
most sensitive channels involve the dielectron 
(both Drell-Yan and Bhabha scattering) and 
diphoton ppocesses.[| None of the experi- 
ments see any significant deviation from the 
SM in the analyzed channels. This is trans- 
lated into the limits on M5 (Hewett), listed in 
Table pi They are of the order of 1 TeV for 
both signs of the interference term. 

Virtual graviton effects have also been 
sought at HERA in the i-channel of e^p -^ 
e p scattering, similar to Bhabha scatter- 
ing at LEP.Ela A search carried out by the 
HI Collaborationllj with 82 pb~^ of e+p and 
15 pb^^ of e^p data, have set limits on Ms 
between 0.5 and 0.8 TeV (see Table |). Al- 
though these limits are somewhat inferior to 
those from LEP, the ultimate sensitivity of 
HERA at the end of the next run is expected 
to be similar to that at LEP. 

Recently, the D0 Collaboration reported 
the first search foL_yirtual graviton effects at 
a hadron collider ,c3 based on the analysis of 
a two-dimensional distribution in the invari- 
ant mass and scattering angle of dielectron or 
diphoton systems, as suggested in Rcf.t2l The 
results, corresponding to 127 pb~^ of data 
collected at ^/s = 1.8 TeV, agree well with 
the SM predictions, and provided the limits 
on the effective Planck scale^^hpwn in Ta- 
bic H for all three formalisms .Hu'B These lim- 



^ Recent preliminary results from L3 at y^ > 
200 GeV indicate tjbat the best sensitivity is found 
in the ZZ channeljij but details of the experimen- 
tal analysis are not yet available. Thesemsults differ 
from those of an earlier L3 publication,E3 where the 
sensitivity in the ZZ channel at yG = 189 GeV was 
significantly lower than that in the 77 channel, as 
well as from recent OPAL rpsiilts in the ZZ chanweli 
at the highest LEP energiesji3 consistent with RefJHI 
It may therefore be prudent to await final results from 
L3 on this issue. 
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Table 1. Lower limits at the 95% CL on the effective Planck scale, Mg(Hewett), in TeV, from searches for 
direct graviton production at LEP. Limits from ^s > 200 GeV data are shown in normal font; limits from 
189 GeV data are in italics; limits from 184 GeV data are in bold script. 



Experiment 




e+e 


- ^ 7Gkk 






e+e 


-^ ZGkk 




n=2 


n=3 


n—4, n—5 


n=6 


n=2 


n=3 


n=A 71=5 


n=6 


ALEPH 


LIO 


0.86 


0.70 0.60 


0.52 


0.35 


0.22 


0.17 0.14 


0.12 


DELPHI 


L25 


0.97 


0.79 0.68 


0.59 


N/A 


N/A 


N/A N/A 


N/A 


L3 


1.02 


0.81 


0.67 0.58 


0.51 


0.60 


0.38 


0.29 0.24 


0.21 


OPAL 


1.09 


0.86 


0.71 0.61 


0.53 


N/A 


N/A 


N/A N/A 


N/A 



Table 2. Lower limits at the 95% CL on the effective Planck scale, Ms(Hewett), in TeV, from searches for 
virtual graviton effect at LEP. Upper (lower) mws correspond to A = +1 (A = —1). The ALEPH CoUabomtion 
used a different formalism for tUeir analysisjj so their limi*Si|wpre translated into Hewett's formalism. Q The 
L3 CollabcHjation used formalismES for diboson production F4PH in which the sign of A is reversed, compared 
to Hewett.Q To correct for that, we reverse the sign of A when quoting the L3 limits in the 77, WW, and 
ZZ channels. Combined L3 limits are nevertheless affected by the mixture of two signs of A in difermion and 
diboson channels. (See also footnote on the previous page for a discussion of the ZZ results.) Limits from 
sqrts > 200 GeV data are shown in normal font; limits from 189 GeV data are m italics; limits from 184 GeV 
data are in bold script. Some of the older limits obtained within the formalismu before an important : 
was made, are not directly comparable with the results at the highest LEP energies. 
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Experiment 


e+e 


fi+fi- 


T^T 


qq (bb) 


// 


11 


WW 


ZZ 


Combined 


ALEPH 


0.81 
1.05 


0.67 
0.65 


0.62 
0.60 


0.57 (0.44) 
0.53 (0.44) 


0.84 
1.05 


0.82 
0.81 


N/A 

N/A 


N/A 
N/A 


1.00 
0.75 


DELPHI 


N/A 
N/A 


0.73 
0.59 


0.65 
0.56 


N/A (N/A) 
N/A (N/A) 


0.76 
0.60 


0.71 
0.69 


N/A 
N/A 


N/A 
N/A 


N/A 
N/A 


L3 


0.99 
0.91 


0.69 
0.56 


0.54 
0.58 


0.49 (N/A) 
0.49 (N/A) 


1.00 
0.84 


0.80 
0.79 


0.68 
0.79 


1.2 
1.2 


1.3 
1.2 


OPAL 


N/A 
N/A 


0.60 
0.63 


0.63 
0.50 


N/A (N/A) 
N/A (N/A) 


0.68 
0.61 


0.82 
0.85 


N/A 
N/A 


0.80 
0.59 


0.90 
0.83 



its are similar to and complementary to those 
from LEP, as different energy regimes are 
probed at the two colliders. A similar analy- 
sis in the dielectron channcLis being pursued 
by the CDF Collaborationj22l but no results 
have yet been reported. As the current Teva- 
tron sensitivity is limited by statistics, rather 
than machine energy, we expect combined 
Tevatron limits to yield an improvement over 
the currently excluded range of Ms. 

Although no evidence for LED has been 
found so far, we are looking forward to the 
next generation of collider experiments to 
shed more light on the mystery of large ex- 
tra dimensions. The sensitivity of the up- 
graded Tevatron experiments in the next run 



is expected to double (2 fb^^) or even triple 
(15 fb~^), which offers a unique opportunity 
to see LED effects in the next 5 years. The ul- 
timate test of the theory of large extra dimen- 
sions will become possible at the LHC, where 
effective Planck scales as high as 10 TeV will 
be able to be probed. 



Table 3. Lower limits at the 95% CL on the effec- 
tive Plancki-seale, MgHewett, in TeV, from the HI 
experiment .1121 The limits have been translated int|e| 
Hewett's formalismO from the original formalismO 
used in the HI analysis. 



HI 


e+p e p 


Combined 


A = +l 
A= -1 


0.45 0.61 
0.79 0.43 


0.56 
0.83 
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Table 4. Lower limits at 95% CL on the eflFective Planck scale, Mg, in TeV, from the D0 experiment 



i 



GRwi 


HLzi 


Hcwctti 


1.21 


n=2 


n=3 


n=4 n=b 


n=6 


n=7 


A = +l A = -l 


1.37 


1.44 


1.21 1.10 


1.02 


0.97 


1.08 1.01 
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